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Knowledge of the defense responses of mosses against pathogens has gained less attention than has
our knowledge of the pathogens of vascular plants. Recently, the use of mosses has gained attention
because mosses are used for greenhouse production as well as landscaping. In particular, the
landscaping and greening of buildings have become popular because these initiatives offer one
solution for mitigating urban problems such as heat islands and flooding. Mosses are an easy and
lightweight solution for greening purposes as they can survive the harsh rooftop environment and
have great stormwater retention. However, the health of plants is fundamental to achieving the
benefits of greening.
Like vascular plants, mosses also are susceptible to plant diseases. Many fungi damage mosses by
causing brown patches of greenish moss. Brown patches on mosses are a characteristic sign of fungal
infection. However, plants have various defense mechanisms, the first of which consists of
preexisting structural and chemical defenses. Second, the plant immune system uses specific
receptors with which to recognize the molecular structures of microbes that are not present on the
surface of the plant's own cells. Receptor-mediated sensing of these structures can trigger early
defense responses of plant, which can make the plant resistant to the attacking microbe. The model
moss Physcomitrella patens, like the vascular plants, senses the molecular structures of microbes. For
example, exposure of P. patens to chitosan—a component of the fungal cell wall—significantly
increases peroxidase activity and oxygen radical formation. Oxygen radicals in turn affect many
biological events; they can directly damage the pathogen or stimulate the plant's defenses. Currently,
little is known about the peroxidase-based defense as well as chitosan-induced signaling pathways of
P. patens.
The aim of the research presented in this thesis was to study the pathogens of green roof mosses and
establishes the host range of the isolated pathogens; the study also utilized a Physcomitrella mutant
collection to identify genes involved in chitosan-induced signaling pathway. Fungal species that
naturally inhabit mosses at a moss farm in Japan and on green roof environments in southern Finland
were isolated and the ability of these fungi to infect and cause disease symptoms on the model moss
P. patens was tested. In addition, the pathogenicity of fungus species towards vascular plants was
also assessed. To elucidate the genes involved in chitosan-induced peroxidase activity, part of the
Physcomitrella mutant collection was screened using the oxidation of 2,2´-azino-bis(3-
ethylbenzothiazoine-6-sulfonic acid) as an indicator of peroxidase activity. Genome walking analyses
were used to identify which genes were mutated within each moss line of interest.
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The work described in this thesis demonstrates that mosses used for greening are colonized by many
different fungal isolates. These studies reveal that several fungal genera such as Fusarium,
Trichoderma, Phoma and Alternaria cause severe symptoms in P. patens. Moreover, our results
demonstrate that mosses and vascular plants have common pathogens. The fungal isolates Fusarium
avenaceum and Cladosporium oxysporum obtained from moss panels caused disease symptoms on
barley and carrots, respectively, and also on two different moss species. The results also demonstrate
that the Physcomitrella mutant collection is a valuable source for identifying genes involved in the
chitosan-induced signaling pathway. Screening of part of the mutant collection and further analyses
revealed that Rossmann fold protein is a significant part of the signaling chain leading to upregulated
peroxidase activity induced by chitosan. In addition, this Rossmann fold protein is an important factor
for normal lipoxygenase (LOX) expression and might contribute to defense against fungal pathogens.
The results from this doctoral thesis provide new insights into the pathogens of green roofs, the host
range of the pathogens and the molecular mechanisms involved in disease control and defense
responses in moss. The knowledge gained concerning the pathogenicity of Trichoderma isolates and
the host range of pathogenic fungi should be considered when planting moss farms and cultivating
crops in close proximity to each other or when applying biological control agents containing
Trichoderma species to green roofs. Furthermore, these results may encourage the use of the
Physcomitrella mutant collection to identify candidate genes for signaling pathways to elucidate the
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CAD Cinnamyl alcohol dehydrogenase
CEBiP Chitin elicitor binding protein




MAMP Microbe-associated molecular pattern
MAPK Mitogen-activated protein kinase
MNR1 Menthone reductase1
NADP Nicotine adenine dinucleotide phosphate
PAMP Pathogen-associated molecular pattern
PR-1 Pathogenesis related
Rboh Respiratory burst oxidase homolog
RLCK Receptor-like cytoplasmic kinase
ROS Reactive oxygen species
SDR Short chain dehydrogenase/reductase
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1 INTRODUCTION
Bryophytes, including liverworts, hornworts and mosses, are the second largest phylum of land plants
(Embryophyta) (Buck and Goffinet 2000). It has been estimated that land plants emerged in the
middle Cambrian to early Ordovocian interval (515.1 to 470 Ma) (Morrisa et al. 2018). The
bryosphere comprises the combined community of living and dead moss tissue and associated
organisms (Lindo and Gonzales 2010). Bryophytes are highly specialized in different environments
and they reside in every continent (Buck and Goffinet 2000). In many places around the world, the
diversity and the number of taxa are greater in mosses than in the liverworts and hornworts and only
extreme wet or dry environments favor the diversity of liverworts (Tan and P cs 2002).  Mosses,
which are the most species-rich group of bryophytes, include approximately 10 000 or more species
(Buck and Goffinet 2000).
The life cycle of mosses can be divided into the gametophyte stage and sporophyte stage. The
gametophyte is the haploid stage comprising the juvenile protonema and adult gametophores (Fig.
1). The sporophyte is the diploid stage comprising the spore capsule, in which spores are produced
(Cove 2005). Germination of spores typically initiates the life cycle of mosses. After germination,
spores grow to filamentous branched protonema, which differentiates into two different cell types—
chloronema and caulonema (Fig. 1a). Chloronema and caulonema cells can be distinguished by the
number of chloroplasts, cell length and cross wall orientation (Cove 2005). Chloronema cells are the
first cell type to emerge from spores and contain well-developed chloroplasts (Bezanilla and Perroud
2009, Buck and Goffinet 2002). Caulonema cells are longer than chloronema cells and contain fewer
chloroplasts (Bezanilla and Perroud 2009). Gametophores are leafy shoots that typically initiate from
caulonema filaments (Cove 2005). Gametophores consist of a stem, leaves and rhizoids (Fig. 1b).
Gametophores are often attached to the substratum by rhizoids, which structurally resemble
protonema cells but lack chloroplasts (Cove 2005).
Fig. 1. Gametophyte of P. patens. a) Juvenile gametophyte, i.e., the protonema, consists of chloronema and
caulonema cells. Scale bar 100 μm. b) Adult gametophyte containing a gametophore with leaves, stem and
rhizoids. c) Life cycle of moss. Scale bar 500 μm.
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Over the decades, mosses have been used for many different purposes. During the world wars,
Sphagnum spp. were used for wound dressing and before the 1930s, mosses were a very popular
insulation material for buildings in Finland (Fig. 2a) (Piippo 2016, Halttunen and Kuusisto 2011).
Today, the moss Sarmentypnum trichophyllum is used as a filtering material for wastewater treatment
(Biolan 125 treatment plant) and there is growing interest in using Sphagnum as a substratum for the
growth of greenhouse plants. Furthermore, the use of mosses for landscaping—especially for the
greening of buildings (Fig. 2b)—has received increasing attention. In Japan, for example, moss mats
and moss panels are manufactured for greening purposes. For the production of moss panels,
gametophyte tissue of Racomitrium japonicum is produced in a bioreactor system and this tissue is
used in a nursery to produce moss tissues that become affixed to the panels as the tissues grow.
In addition to practical applications, mosses are getting more attention as model organisms in
scientific research and over the last two decades Physcomitrella patens has become such a model
organism (Rensing et al. 2009). The Physcomitrella mutant collection was established in the early
2000s (Egener et al. 2002, Schween et al. 2005) and the International Moss Stock Center is managed
by the Department of Plant Biotechnology, University of Freiburg. P. patens is the first bryophyte
for which the genome has been completely sequenced (Rensing et al. 2008). The genome size is
approximately 500 Mbp and it is organized into 27 chromosomes (Lang et al. 2018). P. patens has
many features that favor its use for experimentation: it is easy to grow in the laboratory and it grows
rapidly, haploid generation prevails and the high frequency of homologous recombination enables
targeted gene disruption (Rensing et al. 2008, Schaefer 1991). Morphogenesis in the tip of the
developing moss protonema (i.e., the juvenile gametophyte) can be followed at the single-cell level
in each developmental phase (Reski 1998). P. patens is a widely used model organism for
evolutionary-developmental studies and for studies of plant-pathogen interactions (Andersson et al.
2005, Ponce de Léon et al. 2007, Lehtonen et al. 2009, Lawton and Saidasan 2009).
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Fig. 2. The use of mosses in buildings in the past and today. a) A house built in 1886, insulated with moss, in
Hirvensalmi Finland. b) A modern green roof in Korkeasaari Finland.
1.1 Green roofs are important solutions for mitigating urban problems
Urbanization causes many problems such as pollution and the urban heat-island effect, which affects
small and large cities alike (Li et al. 2019). Cities are also facing the greater likelihood of flooding as
for porous urban land is decreasing (White 2002). In addition, urbanization continues to cause
fragmentation of natural habitats and reduces biodiversity (Köhler and Ksiazek-Mikenas 2018).
Furthermore, construction of new buildings increases energy consumption. In Europe (EU-28),
buildings accounted for ~40 % of total final energy consumption in 2012 and are the largest end-use
sector (Energy Efficiency Trends and Policies in the Household and Tertiary Sectors, 2015).
Green roofs, also called vegetated roofs, have plants on their top layer and are important solutions for
mitigating problems caused by urbanization (Berardi et al. 2014). Green roofs are used to manage
stormwater and to reduce the energy cost of buildings (Mentens et al. 2006, Santamouris 2014,
Castleton et al. 2010). Many studies have shown that green roofs can reduce heating in winter and
cooling in summer resulting in energy savings (Castleton et al. 2010). Green roofs also can sustain
the biodiversity within city environments by providing habitats for different plants, animals and insect
species (Köhler and Ksiazek-Mikenas 2018).  However, the biodiversity of green roofs varies. Some
green roofs can harbor tens of different species whereas others have only a few species (Köhler and
Ksiazek-Mikenas 2018).
Green roofs can be classified into two major categories: intensive green roofs and extensive green
roofs. Intensive green roofs have a thick growth layer (usually >200 mm) and relatively large plants,
whereas extensive roofs have a thinner growth layer (<200 mm) and smaller plants. Extensive green
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roofs are typically simple to construct and relatively easy to maintain, although intensive green roofs
can support a greater number and variety of plant species (Berardi et al. 2014).
In Finland, green roofs are typically composed of vascular plants, but aging roofs become transformed
into moss-dominated communities (Gabryh et al. 2016). Mosses have several beneficial properties
that favor their use for green roof applications. First, mosses are poikilohydric, they can equilibrate
their water content according to the water content of their surroundings by surface absorption and
diffusion. Because of the poikilohydric nature of mosses, lignin is not required as a supportive
structure against gravity or negative pressure generated during transpiration (Mishler and Oliver
2009). Second, some moss species can tolerate drought or desiccation and moss species such as
Antitrichia californica, Dicranoweisia cirrata and Racomitrium canescens can survive harsh rooftop
environments with limited irrigation (Charron and Quantro 2009, Anderson et al. 2010). Finally,
mosses can have great capacity to retain stormwater (Anderson et al. 2010).
Plant health is an important factor for the proper functioning of green roofs. Both abiotic and biotic
factors can affect plant survival. Many studies have described the influence of abiotic factors such as
drought, heat and water usage on plant fitness in green roof environments (Farrell et al. 2013a, b,
Rayner et al. 2016, Du et al. 2019). In addition, biological factors such as interactions with microbes
might play a substantive role in roof-plant survival. Microbes associate naturally with moss
communities in urban green roofs, although little is known about these interactions.
1.2 Bryophyte-fungi interactions
Because plants colonized land over 450 Ma, they have evolved a wide range of associations with
fungi. The earliest land plants interacted with fungi, which produced mycorrhizal-like intracellular
structures similar to those formed by the action of the present mycorrhiza-compatible fungi like
Glomeromycotina and Mucoromycotina (Martin et al. 2017). Racoviza (1959) was among the first
who described different types of interactions between Pyrenomycetes and bryophytes. He classified
the interactions as ectoparasites and hemiendoparasites based on the location of interaction and based
on the biological nature of interactions as harmless, moderate tolerance, or adverse interactions.
Interactions between bryophytes and symbiotic arbuscular mycorrhizal fungi belonging to the
Glomeromycotina subphylum have been described especially in liverworts (Carella and Schornack
2018). Lignore et al. (2007) described the formation of arbuscule-like structures after the colonization
of the liverwort Fossombronia echinate by glomeromycotean fungi. Although mosses might support
the growth of arbuscular mycorrhizal fungi, the evidence for functional symbioses is unknown
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(Carella and Schornack 2018). However, fungi belonging to the mucoromycotina group have
beneficial interactions with bryophytes (Yu et al. 2014, Field et al. 2016).
Harmful interactions between plants and fungi result in many changes within the host plants. General
symptoms such as chlorosis and necrosis followed by death of the gametophyte are common to known
bryophilous pathogens, but the infection mechanisms and host responses vary (Davey and Currah
2006). Wilson (1951) was one of the first who described the symptoms and interactions between
bryophytes and fungi. He reported concentric rings of dead moss in arctic moss mats of Racomitrium
sp. and found that moss shoots bore fungal hyphae on the surface of the stem and inside the cells.
Later, many reports described the symptoms and fungal species infecting moss tissues in nature and
described moss-pathogen interactions under laboratory conditions (Redhead 1981, Kost 1988, Hassel
and Kost 1998). Redhead (1981) described the interactions of Lyophyllum palustre and Galerina
paludosa with the peat moss Sphagnum. Interestingly two different infection mechanisms were
described: L. palustre killed Sphagnum before host-cell contact, indicating that the fungus secretes a
toxin, whereas G. paludosa infection was limited to specific cell types, rhizoids and protonema. Over
the last decade, several studies have described plant-fungal interactions in the model moss P. patens
(Ponce de Leon et al. 2007, Lehtonen et al. 2009, Oliver et al. 2009, Lehtonen et al. 2012). Ponce de
Leon et al. (2007) studied the interaction between Botrytis cinerea and P. patens and showed that P.
patens was susceptible to Botrytis infection. Symptoms such as necrotic protonema tissues and
browning of the stem were detected in moss tissues. Lehtonen et al. (2009) showed that the
interactions with P. patens and Fusarium sp. result in discoloration of the basal part of gametophores
and rhizoids followed by the death of shoots. Oliver et al. (2009) showed that the two oomycetes
Pythium debaryanum and Pythium irregular infect P. patens, causing severe damage to moss.
1.3 Plant defense against pathogens
Plants continuously face attack by environmental pathogens and defend themselves with many
sophisticated mechanisms, which are simply classified as preexisting or induced defense mechanisms
(Agrios 2005). Plant innate immunity can be activated by specific signals that trigger numerous
immune signaling pathways, leading to early and late defense responses. Activation of mitogen-
activated protein kinase (MAPK) cascades and the production of reactive oxygen species (ROS) are
early defense responses. Activation of MAPK cascades or production of ROS leads to the late defense
responses such as the expression of several defense genes and induction of defensive structures. Plant
hormones also regulate disease resistance; for example, salicylic acid mediates the defense against
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biotrophic pathogens, whereas jasmonic acid and ethylene are involved in the defense against
necrotrophic pathogens.
1.3.1 Preexisting structural and chemical defenses
Preexisting defense mechanisms are divided into structural and chemical defenses. The first barrier
of defense is the plant surface, which is covered by a hydrophobic layer called the cuticle. The cuticle
consists of cutin and waxes. Both vascular and non-vascular plants have a cuticle or similar type of
surface layer (Buck and Goffinet 2000). However, Wyatt et al. (2014) showed that only gametophores
of P. patens have a cuticle. They showed that only intracellular organelles of P. patens protonema
cells were stained with lipid dye, whereas the entire leaf surface was uniformly stained, indicating
that only leaves have a cuticle. In addition, the cuticle may function in the perception of pathogens
and subsequent activation of defense responses (Serrano et al. 2014). Schweizer et al. (1996a) showed
that topical spray application of cuticle monomers partially protected the leaves of a highly
susceptible barley cultivar against the fungal pathogen Erysiphe graminis f. sp. hordei. Furthermore,
addition of cutin monomers to cultured potato cells induced a transient alkalinization of the culture
medium, stimulated the production of the plant stress hormone ethylene and activated defense-related
genes (Schweizer et al. 1996b).
The plant cell wall is another example of a preexisting defensive structure. The wall is a complex
structure consisting of a diverse mixture of proteins and polysaccharides, including cell wall–bound
peroxidases and cellulose. Plant cell-wall polysaccharides of mosses and vascular plants are similar,
but they differ in their side-chain composition and structure (Roberts et al. 2012). In addition,
bryophytes do not contain lignin, but for example P. patens contains lignin-like polyphenolic material
in its cell wall (Weng and Chapple 2010, Espiñeira et al. 2011). Primary and secondary cell walls
surround the plant cell and can act as physical barriers to restrict the entrance of pathogens. However,
recently the role of the cell wall has expanded as it can be regarded as an essential component of the
plant monitoring system (Bacete et al. 2018). Plant cell-wall alterations can have a substantive impact
on disease resistance. Hernández-Blanco al. (2007) reported that mutations in three types of cellulose
synthetase subunits required for secondary cell-wall formation confer enhanced resistance to the soil-
borne bacterium Ralstonia solanacearum and the necrotrophic fungus Plectosphaerella cucumerina.
Furthermore, Ramirez et al. (2011) demonstrated that the transcription factor MYB46, which
regulates secondary cell-wall biosynthesis, has a role in disease resistance. They showed that myb46
knockdown mutant plants had increased disease resistance to B. cinerea. They also showed that in
myb46 plants, the induction of cell wall–bound class III peroxidases is enhanced and myb46 plants
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react earlier and more aggressively to B. cinerea inoculation than wild-type Arabidopsis Col-0 plants.
These results indicate that reinforcement of the cell wall by peroxidases may be the basis to explain
the observed enhanced resistance to B. cinerea in myb46 plants (Ramirez et al. 2011).
Preexisting chemical defenses include antimicrobial compounds that are present in cells before
infection. For example, many phenolic compounds and fatty acid–like compounds might contribute
to resistance (Agrios 2005). Phenolic compounds are secondary metabolites that contain benzene
rings with different numbers of hydroxyl components and their structures may vary from a simple
phenolic molecule to highly polymerized compounds (Velderrain-Rodríguez et al. 2014). Although
mosses are considered non-lignified plants, they accumulate soluble phenylpropanoids such as
flavonoids and lignans (Weng and Chapple 2010). In addition, moss ancestral phenolic metabolism
is essential for erect plant growth and for cuticle permeability (Renault et al. 2017).
1.3.2 Plant immune system: recognition and activation of defense responses
The plant immune system consists of two layers. The first line of defense recognizes and responds to
microbe/pathogen-associated molecular patterns (MAMPs/PAMPs) and the second responds to
pathogen virulence factors, i.e., effectors (Jones and Dangl 2006). Plant cell membranes have an
important role in the immune responses. Recognition of MAMPs, the consequent release of signaling
molecules and accumulation of LOX are associated with the plasma membrane (Agrios 2005). Plants
have plasma membrane–localized pattern-recognition receptors and through them recognize
MAMPs. Recognition of MAMPs/PAMPs by pattern-recognition receptors can trigger early defense
responses that lead to PAMP triggered immunity. In response to PAMP-triggered immunity,
pathogens might deliver effectors that interfere with this type of immunity. The second line of defense
recognizes effectors by proteins encoded by resistance genes. Recognition of effectors results in
highly specific effector-triggered immunity (Jones and Dangl 2006). Usually, effector-triggered
immunity leads to localized plant cell death called the hypersensitive response, which is especially
effective against biotrophic pathogens and limits the progress of infection (Koeck et al. 2011).
Chitin and chitosan are fungal cell-wall components. Chitin (C8H13O5N)n is a long-chain polymer of
N-acetylglucosamine, whereas chitosan is a deacetylated form of chitin. The proportion of chitosan
and chitin within the cell wall may vary during the infection process (Hadwiger and Beckman 1980,
Deising and Siegrist 1995).
Plants recognize chitin through chitin elicitor receptor-like kinases (CERK) alone or together with
chitin elicitor binding protein (CEBiP). CERK orthologs have been identified among vascular and
15
non-vascular plants (Miya et al. 2007, Shimizu et al. 2010, Bressendorff et al. 2016). Kaku et al.
(2006) first showed that CEBiP has an important role in the perception of chitin and chitin-induced
responses in rice. Later, Miya et al. (2007) identified chitin elicitor receptor kinase1 (CERK1) in
Arabidopsis. Soon after it was shown that in rice CERK1 co-receptor is also required for chitin
signaling (Shimizu et al. 2010). These studies demonstrated that disruption of normal expression of
CEBiP and CERK1 resulted in suppression of defense responses. In rice, CEBiP-RNA interference
cell lines have decreased levels of induced H2O2 after chitin treatment (Kaku et al. 2006). The
Arabidopsis cerk1 mutant has impaired chitin-induced ROS generation and MAPK activation (Miya
et al. 2007). OsCERK1 knockdown lines have reduced phytoalexin content and the expression of
chitin-induced genes is suppressed (Shimizu et al. 2010). An ortholog of CERK also exists in P.
patens (Bressendorff et al. 2016). Bressendorff et al. (2016) showed that P. patens encodes four
orthologs of CERK, at least one of which is involved in defense responses including cell-wall
modifications and phosphorylation of two MAPKs.
1.3.3 Induced defense responses: early and late responses in chitin-induced signaling
pathways
Induction of plant defenses involves both early and late defense responses. The very early defense
responses occur 1–5 min after exposure to pathogen (Boller and Felix 2009). Activation of MAPK
cascades and an oxidative burst are among the first defense responses after recognition of an elicitor
(Asai et al. 2002, Apel and Hirt 2004). Later defense responses that occur within 5–30 min after
pattern-recognition receptor activation include the activation of defense-related genes (Boller and
Felix 2009).
Recognition of chitin by CEBiP and CERK1 leads to several downstream events such as the activation
of the MAPK cascade and ROS production (Kawasaki et al. 2017). In rice, recognition and binding
of chitin by CEBiP results in association with OsCERK followed by interaction with the receptor-
like cytoplasmic kinase (RLCK) OsRLCK185 (Yamaguchi et al. 2013). OsRLCK185 is required for
chitin-induced responses—for example MAPK cascade activation and ROS production (Yamaguchi
et al. 2013). Recent studies with rice have also indicated that another chitin signaling pathway
involving Rac/Rop GTPases is required for ROS production (Kawasaki et al. 2017). Nagano et al.
(2016) showed that plasma-membrane microdomains and the localization of OsRac1 to
microdomains are important for ROS production in response to chitin signaling. In rice, it is likely
that OsCERK1-mediated immunity functions through pathways that branch at OsRLCK185 and
OsRac1 (Kawasaki et al. 2017).
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In Arabidopsis, recognition of chitin by AtCERK1 leads to the phosphorylation of receptor-like
cytoplasmic kinase PBL27, which is an ortholog of OsRLCK185. Phosphorylation of PBL27 leads
to the interaction of the chitin receptor complex MAPK cascades (Yamada et al. 2016). However,
PBL27 is not involved in chitin-induced ROS production (Shinya et al. 2014). It might be that in
Arabidopsis ROS production is achieved through the action of Botrytis Induced Kinase, which is also
required for flagellin peptide flg22–induced ROS production (Kawasaki et al. 2017).
An innate immunity pathway in response to chitin also has been described in the moss P. patens
(Bressendorff et al. 2016). In P. patens, recognition of chitin by the PpCERK1 complex induces
phosphorylation of two MAPKs (MPK4a and MPK4b). Bressendorf et al. (2016) showed that
Ppmpk4 knockout (KO) plants are more susceptible to fungal infection, indicating that activation of
the MPK4 cascade is essential for defense responses against B. cinerea and Alternaria brassicola
infection.
In many host-fungus interactions, one of the earliest defense reactions is the oxidative burst, which is
the rapid production of high levels of ROS (Wojtaszek 1997, Torres 2010). In plant cells, ROS are
produced by plasma membrane–bound NADPH oxidases, cell wall–bound peroxidases,
lipoxygenases and amine oxidases in the apoplast (Apel and Hirt 2004, Camejo et al. 2016). ROS
include superoxide radical (O2–), hydrogen peroxide (H2O2) and hydroxyl radical (OH–). Plasma
membrane–bound NADPH oxidases use cytosolic NADPH as the electron donor to generate O2–,
whereas cell wall–bound peroxidases catalyze the single-electron oxidation of several substrates by
using H2O2 (Czarnocka and Karpinski 2018, Almagro et al. 2009). ROS have many signaling roles in
the cell; for example, they are involved in cell-to-cell communication that results in the formation of
a ROS wave that carries the signal over long distances (Mittler at al. 2011).
The oxidative burst in response to PAMPs is a conserved mechanism between bryophytes and
vascular plants. The first report of the oxidative burst as a response to fungal-plant interactions comes
from the studies of Doke (1983), who described the rapid production of ROS in Solanum tuberosum
plants in response to inoculation with an incompatible race of Phytophthora infestans but not with a
compatible race. Oliver et al. (2009) first showed that the oxidative burst in P. patens occurs in
response to plant pathogenic Pythium. Later, Lehtonen et al. (2009, 2012) demonstrated chitosan-
induced peroxidase activity in P. patens and an immediate burst of ROS in the culture medium of P.
patens and Sphagnum capillifolium. In P. patens, the chitosan-induced peroxidase activity and
oxidative burst are mainly dependent on peroxidase 34 (Prx34). Lehtonen et al. (2009, 2012) showed
that P. patens Prx34 KO lines lack peroxidase activity or the oxidative response elicited by chitosan
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and therefore are more susceptible to fungal infection, indicating that this peroxidase is pivotal for
defense against fungi.
Several genes that are involved in the oxidative burst, antimicrobial defense, cell-wall modifications
and defense signal transduction have been found to be activated in response to pathogens (Agrios
2005). Rauyaree et al. (2001) studied the expressed genes in rice 48 h after inoculation with the fungus
Magnaporthe grisea and showed that the largest group (21 %) of expressed sequence tags contained
stress- or defense-response genes, including rice peroxidase genes. Schenk et al. (2003) studied the
transcriptional changes in Arabidopsis plants inoculated with the fungal pathogen A. brassicola and
found that many of the upregulated genes encode proteins involved in -oxidation of fatty acids, cell-
wall synthesis and modifications and signal transduction. Activation of defense- and ROS-related
genes also occurs in bryophytes in response to fungal infection or elicitor treatment. In P. patens,
inoculation with B. cinerea induces the expression of defense-related genes such as pathogenesis
related1 (PR1), phenylalanine ammonia-lyase, chalcone synthetase and LOX (Ponce de León et al.
2007). Furthermore, chitosan treatment induces the expression of an alternative oxidase, NADPH
oxidase and LOX in P. patens (Lehtonen et al. 2012).
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2 AIMS OF THE STUDY
The aims of the studies were to identify fungal species that colonize mosses at moss farms and on
green roofs and then study their pathogenicity toward bryophytes and vascular plants. This thesis also
aimed to find candidate genes involved in chitosan-induced signaling pathways by screening part of
the P. patens mutant collection. The research questions were as follows:
1) What kinds of fungal genera inhabit moss panels and green roof mosses and are they
pathogenic to the model moss P. patens? (Publications I and submitted manuscript II)
2) Do vascular and non-vascular plants have common pathogens? (Publication III)
3) Which genes are involved in chitosan-induced signaling pathways in P. patens? (Manuscript
IV)
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3 MATERIALS AND METHODS
The methods used are summarized here and described in detail in the original publications and
manuscripts (I–IV).
Table 1. Summary of the methods used in this study.
Method Publication or manuscript
cDNA synthesis IV
DNA extraction I, II, IV
Genome walking IV
Identification of fungi I, II
Inoculations I, II, III, IV
Isolation of fungi I, II
Molecular cloning IV
Moss transformation IV
Peroxidase activity assay IV
Phylogenetic analyses I, II, IV
Polymerase chain reaction I, II, III, IV
Quantitative PCR IV
RNA extraction IV
Screening of mutant collection IV
Southern blotting IV
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4 RESULTS AND DISCUSSION
4.1 Fungi isolated from moss panels and green roof mosses and their virulence toward the
model moss, P. patens
A large number of fungal species have been found to inhabit diverse groups of bryophytes in their
natural habitats (Wilson 1951, Racovitza 1959, Felix 1988, Davey and Currah 2006). However,
knowledge of fungal colonization of green roof plants is limited—especially for mosses. Our  study
identified fungal isolates inhabiting mosses at a moss farm in Japan and on green roofs in southern
Finland. In addition, our study described the ability of these fungi to infect and cause disease
symptoms in the model moss, P. patens.
4.1.1 Fungal genera in moss panels and on green, mossy roofs
A total of 26 fungal isolates were obtained from the damaged areas of Racomitrium japonicum moss
panels along with 64 fungal isolates and an oomycete from nine different green roofs located in
southern Finland (I, II). Fungi isolated from the moss panels of R. japonicum belong to 11 genera of
Ascomycota (Alternaria, Apiospora, Cladosporium, Curvularia, Epicoccum, Fusarium, Humicola,
Myrmecridium, Penicillium, Scolecobasidium and Trichoderma) (Table 2). Fungi isolated from
Finnish green roofs belong to four genera of Ascomycota (Botrytis, Fusarium, Phoma and
Trichoderma), three genera of Zygomycota (Mortierella, Mucor and Rhizopus), and one genus of
Basidiomycota (Ceratobasidium). One genus of the fungal-like pathogens of Oomycota (Pythium)
was also found (Table 2). Fusarium was the most abundant fungal genus obtained from the moss
panels of R. japonicum, and Trichoderma was the most abundant genus on Finnish green roofs.
Most of the fungal genera detected in the moss panels of R. japonicum and on green roof mosses have
been previously found to be associated with bryophytes in nature. Grandi et al. (2008) studied
hyphomycetes associated with decomposing bryophytes and isolated fungi belonging to the genera
Alternaria, Cladosporium, Curvularia, Epicoccum and Humicola. Varga et al. (2002, 2009) found
that Alternaria, Cladosporium, Fusarium, Penicillium and Trichoderma are associated with the moss
Tortella tortuosa. Arthinium (teleomorph of Apiospora) has been detected from Sphagnum species
and Scolecobasidium on Bryum pseudotriquetrum (Thormann and Rice 2007, Tosi et al. 2001).
Hughes et al. (2003) isolated fungi belonging to the genera Mortierella, Phoma and Pythium from
colonies of the leafy liverwort Cephaloziella varians. The results from our study indicate that similar
types of fungi colonize mosses in nature and on built environments, indicating that green roof mosses
as well as moss farms provide a living environment for diverse fungal populations.
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Table 2. Fungal and fungal-like isolates belonging to different genera.




Ascomycota Alternaria 1 Moss panel, Japan
Ascomycota Apiospora 1 Moss panel, Japan
Ascomycota Botrytis 1 Green roof, Finland
Ascomycota Cladosporium 5 Moss panel, Japan
Ascomycota Curvularia 3 Moss panel, Japan
Ascomycota Epicoccum 3 Moss panel, Japan
Ascomycota Fusarium 21
Moss panel, Japan (6
isolates),
Green roof, Finland (15
isolates)
Ascomycota Humicola 1 Moss panel, Japan
Ascomycota Myrmecridium 1 Moss panel, Japan
Ascomycota Penicillium 1 Moss panel, Japan
Ascomycota Phoma 8 Green roof, Finland
Ascomycota Scolecobasidium 1 Moss panel, Japan
Ascomycota Trichoderma 28
Moss panel, Japan (3 isolates)
Green roof, Finland (25
isolates)
Basidiomycota Ceratobasidium 1 Green roof, Finland
Oomycota Pythium 1 Green roof, Finland
Zygomycota Mortierella 4 Green roof, Finland
Zygomycota Mucor 9 Green roof, Finland
Zygomycota Rhizopus 1 Green roof, Finland
4.1.2 Effects of isolated fungi on the model moss, P. patens
Many of the isolated fungi caused mild to severe symptoms on P. patens, and pathogenicity was
scored based on the severity of the symptoms. Highly pathogenic isolates caused browning of the
whole plant including the protonema filaments, stem and leaves, resulting in the death of moss plants
within 2 weeks. Moderate pathogens caused browning of protonema filaments and occasionally
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browning of the stem. Mild pathogens caused only browning of protonema filaments, and non-
pathogenic isolates did not cause any visible symptoms.
In total, 74 isolates were selected for the pathogenicity test, 9 of which were obtained from moss
panels and 65 from green roofs. A total of 66 of 73 isolated fungi and one of the fungal-like isolates
caused symptoms on P. patens, and 33 of them were highly pathogenic and resulted in the death of
the moss within 2 weeks after inoculation (Table 3). The most severe symptoms on gametophytes of
P. patens were caused by fungi described as Alternaria alternata, B. cinerea, Fusarium acuminatum,
Fusarium avenaceum, Fusarium oxysporum, Fusarium tritinctum, Phoma glomerata, Phoma
herbarum, Phoma tropica, Trichoderma atroviride, Trichoderma hamatum, Trichoderma
koningiopsis, and Trichoderma viride (I, II). Except for Trichoderma, all these fungal genera are well-
known fungal pathogens of cultivated plants (Thomma 2003, Dean et al. 2012, Jimenez et al. 1993,
Uhlig et al. 2007, Carrieri et al. 2014, Chohan and Chand 1980, Neuman and Boland 1999, Gullino
et al. 2017).
The highly pathogenic fungal isolates caused browning and maceration of the protonema filaments,
gametophore stems, and leaves (Fig. 3). Typically, the browning began from the protonema filaments
and proceeded to stems and leaves, resulting in death of moss plants within 2 weeks. Cell-level
alterations—including browning and discoloration—observed in infected moss plants were probably
due to the accumulation of phenolic compounds. Production and release of phenolic compounds by
the host is an important defense response against pathogens (Beckman 2003, Jones & Saxena 2013).
The accumulation of phenolic compounds in P. patens as a response to fungal infection has been
described by Ponce de Leon et al. (2012), who showed that B. cinerea infection induced the
fortification of the plant-cell wall by the incorporation of the phenolic compounds, indicating this is
a conserved defense mechanism among bryophytes.
Fungi such as Apiospora montagnei, Ceratobasidium sp., Cladosporium oxysporum, Epicoccum
nigrum, Fusarium graminearum, Fusarium lateritium, Trichoderma harzianum, Trichoderma
koningii, Trichoderma koningiopsis (isolate SS0.1-1), and Trichoderma paraviridescens and the
oomycete Pythium sp. caused mild symptoms on P. patens. Typically, these isolates induced the
browning of protonema within 2 weeks after inoculation, but the browning did not spread to the upper
parts stem and leaves of P. patens. As phenolic compounds are one of the defense mechanisms against
fungal pathogens, it might be that the accumulation of phenolic compounds in protonema filaments
is sufficient to restrict the spread of weak pathogens. In addition, microscopic observation of P. patens
inoculated with A. montagnei revealed the formation of the defensive structure papilla (III), which
has been reported in P. patens in response to infection with old cultures of Pythium debaryanum
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(Oliver et al. 2009) and also in many mosses infected by ascomycetes and basidiomycetes (Racovitza
1959, Hassel and Kost 1998, Davey et al. 2009). Hassel and Kost (1998) reported cell-wall thickening
in Brachythecium rutabulum in response to infection with the basidiomycete Leptoglossum
retirugum, whereas Davey et al. (2009) described the formation of a papilla-like structure at
penetration sites during the interaction between the host plant Funaria hygrometrica and the
ascomycete Atradidymella muscivora. Papilla formation also has been described in hepatophytes and
angiosperms (Racovitza 1959, Aist 1976), indicating that it is a highly conserved defense response
against invading fungi (Davey et al. 2009).
Fig. 3. Symptoms caused by Fusarium avenaceum MEL2.3 and Trichoderma viride TKL7.1 on
Physcomitrella patens. Control P. patens (a and b) and P. patens inoculated with F. avenaceum MEL2.3 (c
and d) and T. viride TKL7.1 (e and f) isolates. F. avenaceum MEL2.3 caused browning of the plant cells within
10 days after inoculation (d). Inoculation with T. viride TKL7.1 caused discoloration of plant cells within 10
days after inoculation. Scale bars: 5 mm (upper row), 100 μm (lower row).
In addition, 14 fungal isolates that did not cause any apparent symptoms on P. patens. Those species
belong to the genera Mucor, Mortierella and Rhizopus, all of which are members of the subphylum
mucoromycotina. Carella and Schornack (2018) showed that bryophytes have beneficial endophytic
interactions with members of mucoromycotina, ascomycota and basidiomycota. Field et al. (2015)
demonstrated that liverwort Mucoromycotina symbiosis is mutualistic and mycorrhiza-like.
Together with our findings, these results indicate that members of mucoromycotina associate with
bryophytes. As these fungi were asymptomatic on the model moss P. patens, they might also function
as natural symbionts for mosses in green roof environments.
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Source of isolate b
Symptom
severity c
Alternaria alternata 1 Moss panel +++
Apiospora montagnei 1 Moss panel +
Botrytis cinerea 1 Korkeasaari +++
Ceratobasidium sp. 1 Korkeasaari +
Cladosporum oxysporum 1 Moss panel ++
Epicoccum nigrum 2 Moss panel ++
Fusarium acuminatium 8 Korkeasaari (5), Kappelitie (3) +++
Fusarium avenaceum 3 Korkeasaari, Meilahti, Moss panel +++
Fusarium graminearum 1 Meilahti +
Fusarium lateritium 1 Korkeasaari +
Fusarium oxysporum 2 Moss panel +++
Fusarium poae 1 Meilahti +
Fusarium tricinctum 2 Fabianinkatu, Korkeasaari +++
Mortierella elongate 4 Kaisaniemi, Onkiniemi, TKL (2) Ns
Mucor circinelloides 1 Kaisaniemi Ns





Mucor plumbeus 1 Ikano Ns
Phoma herbarum 6 Ikano (5), Meilahti (1) +++
Phoma tropica 1 Meilahti +++
Peyronellaea glomerata 1 Meilahti +++
Pythium sp. 1 Meilahti +
Rhizopus microspores 1 Ikano Ns
Trichoderma atroviride 3 Kaisaniemi, Korkeasaari, Kappelitie +++
Trichoderma hamatum 1 Metsälä +++
Trichoderma harzianum 14
Fabianinkatu, Ikano, Kaisaniemi,
Korkeasaari, Meilahti, Metsälä, Onkiniemi
+/++
Trichoderma koningii 1 Kappelitie +
Trichoderma koningiopsis 2 Onkiniemi, Moss panel +++/+
Trichoderma paraviridescens 2 Onkiniemi, TKL +
Trichoderma viride 3 Korkeasaari, Metsälä, TKL +++
a The description is based on a BLAST search of the sequence (identity > 99 %) obtained with the
ITS1 and ITS2 primers and with ITS4 and ITS5 primers using the NCBI database.
b Numbers in parenthesis indicate the number of isolates obtained from the roof.
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c Severity of symptoms: +++ severe symptoms, browning and death of moss; ++ moderate
symptoms, browning of protonema and stem occasionally; + mild symptoms, browning of
protonema; ns: no symptoms.
4.2 Fungi that infect cultivated moss can also cause disease in crop plants
Plant-pathogen interactions may change the diversity and structure of natural plant communities,
causing ecological and economic impacts (Caseys et al. 2018). Plant pathogens can be classified as
generalists or specialists based on the range of plant hosts they can infect (Barret and Heil 2012).
Generalist plant pathogens such as certain Fusarium spp. and B. cinerea can infect multiple or even
dozens of plant species (Caseys et al. 2018, Dean et al. 2012). Although certain generalist plant
pathogens have been well described, little is known about whether mosses and vascular plants share
common pathogenic fungi. Our study here revealed that certain fungi that are pathogenic to mosses
are also able to infect and cause disease in vascular plants, demonstrating that the host range of these
pathogens is wider than previously known.
4.2.1 Two fungal isolates pathogenic to mosses cause disease in crop plants
Our results demonstrate that F. avenaceum SSO1-2 isolated from moss panels could reduce the
germination of tomato and carrot (III). The germination test revealed that the emergence of tomato
and carrot plants was 47 % and 41 %, respectively, in soil infested with F. avenaceum, whereas the
emergence in the respective uninoculated controls was 81 % and 77 %, and these differences were
significant (p < 0.05; one-directional analysis of variance). Disease symptoms such as browning of
the basal parts of the leaves and stem of barley was observed at 15 days post-inoculation, followed
by maceration of the stem and basal part of leaves 44 days post-inoculation (III). In addition, F.
avenaceum caused a few necrotic lesions on the stem of tomato seedlings 21 days post-inoculation.
Moreover, C. oxysporum caused severe disease symptoms on carrot seedlings; discoloration,
reddening, impaired growth, and premature death were observed within 5 weeks after inoculation
(III). In addition, C. oxysporum could induce mild symptoms in P. patens (I).
Diseases caused by microbial pathogens, oomycetes, fungi, bacteria and viruses cause enormous crop
losses, and in some cases the crop may be completely devastated (Vidhyasekaran 2016). F.
avenaceum is a fungus that commonly associates with many different host plants, and the most
economically damaging impact of F. avenaceum is crown rot and head blight of wheat and barley
(Nalim et al. 2009, Uhlig et al. 2007, Lysøe et al. 2014). The genus Cladosporium contains many
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species that are pathogens of both plants and animals and may also destroy stored vegetables (Ho et
al. 1999). Certain of the Cladosporium spp. are highly specialized plant pathogens. The highly
specialized interaction between Cladosporium fulvum and tomato involves a gene-for-gene
relationship i.e. for a gene for virulence in a pathogen there is a corresponding gene for resistance in
the host towards that pathogen (Thomma et al. 2005, Agrios 2005). A few studies have reported that
C. oxysporum is a pathogen of pepper and tomato, causing chlorotic spots that develop further to
brown lesions on the leaves of host plants (Hammouda 1992, Lamboy and Dillard 1997). Our results
from this study indicate that the host range of F. avenaceum and C. oxysporum is wider than
previously known, as it covers both vascular and non-vascular plants. Navaud et al. (2018) suggested
that the emergence of broad-host-range fungal pathogens results largely from host jumps. This might
indicate that mosses may also play important roles in disseminating diseases among a local plant
community. The results suggest that mosses might be intermediate hosts of some pathogens of crop
plants and that they might contribute to plant disease epidemiology, an issue that has been largely
ignored.
4.2.2 Fusarium oxysporum and Alternaria alternata do not cause damage to vascular plants
The results from our study showed that five isolates of F. oxysporum and one isolate of A. alternata
did not cause any detectable damage in any of the vascular plants we tested, but they all were highly
pathogenic to P. patens. F. oxysporum is ranked fifth in the top 10 fungal pathogens based on
scientific or economic importance (Dean et al. 2012). One reason for its high importance as a fungal
pathogen is its ability to infect many different plant species such as tomato, cotton and banana. The
F. oxysporum species complex comprises different formae speciales, which together can infect more
than 100 different hosts (Michielse and Rep 2009, Dean et al. 2012). Although F. oxysporum has an
extremely broad host range at the species level, individual isolates of F. oxysporum cause disease in
only one or a few plant species (Armstrong and Armstrong 1981, Gordon and Martyn 1997). A.
alternata is a latent fungus, causing black spots on many fruits and vegetables and thus large post-
harvest losses (Troncoso-Rojas and Tiznado-Hernandez 2014). These results indicate that, among the
well-known fungal pathogens of crop plants, certain fungal isolates specialize in infecting bryophytes.
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4.3 Screening of part of the Physcomitrella mutant collection reveals a role for an NAD(P)-
binding Rossman fold protein in chitosan-induced signaling
Mutations and other alterations within DNA sequences are driving forces of evolution as they bring
genetic variability to populations (Loewe and Hill 2010). In agriculture, mutations have been used to
develop new varieties with improved stress tolerance against abiotic and biotic factors (Ram et al.
2019). Mutational approaches also have been used widely to study functional genetics. Mutant
collections provide a large source of genetic diversity for the characterization of gene function and
thus are important for biological research.
A Physcomitrella mutant collection consists of more than 73 000 plants and was established in the
early 2000s (Schween et al. 2000, Egener et al. 2005). This collection contains single KO plants and
minibatch plants (Hochdurchsatz Minibatch; HoMi). For HoMi plants creation, several (20)
transposon-tagged cDNAs are co-transformed in one experiment that is repeated five times (Schween
et al. 2005). Screening of part of the P. patens mutant collection demonstrated that it is a valuable
resource with which to identify genes involved in chitosan-induced peroxidase activity in mosses
(IV). This work revealed the involvement of an NAD(P)-binding Rossmann fold protein in chitosan-
induced peroxidase activity.
4.3.1 The Physcomitrella mutant collection as a source for candidate genes in chitosan-induced
signaling pathways
Plants from the Physcomitrella mutant collection (Egener et al. 2002, Schween et al. 2005) were
screened to identify transgenic moss plants that differ in their response to the fungal cell-wall
component chitosan. The Moss Database (Schween et al. 2005) contains information on transgenic
plants and was thus used for searching plants for the screen. The Moss Database was searched using
three different requirements: 1) the appearance of transgenic plants should resemble wild-type plants
(group A), 2) the number of gametophores should be like wild-type plants, and 3) transgenic plants
should have a nptII selection marker integrated within their genome, indicating successful insertional
mutagenesis. Plants from two different types of transformation were used; KO plants and HoMi
plants.
Altogether, 2622 individual hits from KO plants and 8209 hits from HoMi plants were obtained from
the Moss Database when the defined requirements were used (IV). Hits of KO plants were divided
into 71 groups (different constructs) and hits of HoMi plants into 511 pools (Trafo DNA construct).
Initially, one plant from each KO group and HoMi pool was thawed. Some of the thawed plants that
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did not regenerate within 5 weeks were replaced with another plant from the same pool or group.
Eventually, 713 plants were thawed including 3 wild-type plants, 79 KO plants, and 631 HoMi plants.
Most of the KO plants (85.4 %) regenerated within 4 weeks after thawing whereas only 42.2 % of
HoMi plants regenerated within those 4 weeks, and a substantial portion of HoMi plants (45.5 %) did
not regenerate within 8 weeks.
Altogether, 385 transgenic plants were screened for chitosan-induced peroxidase activity, and activity
could not be induced for 23 of these plants. To verify the results from the peroxidase activity screen,
additional peroxidase activity assays were carried out with wild-type and 23 transgenic moss lines.
The experiment was conducted twice with three replicates in each experiment. According to Mann
Whitney U-test, four mutant lines had significantly lower peroxidase activity than wild-type plants
when a p-value of 0.02 was used. In all, 1.04 % of the screened plants had significantly lower
chitosan-induced peroxidase activity in comparison with wild type.
4.3.2 One mutation is located within an NAD(P)-binding Rossmann fold protein
Our studies with P. patens mutant lines demonstrated that genome walking analysis was a suitable
method for detecting mutated genes within the genome of P. patens. To determine which genes had
been mutated within the transgenic moss lines, P. patens line 58174 together with a wild-type line
were chosen for the genome walking analysis. Line 58174 was chosen because its chitosan-induced
peroxidase activity was significantly lower than that of wild type, and line 58174 was stable in all
experiments (IV). The genome walking profile of line 58174 identified many nptII integrations, and
some of them were located within genes encoding, for example, 28S ribosomal RNA, sucrose
phosphatase, and a protein of the NAD(P)-binding Rossmann fold superfamily.
The Rossmann fold is very common fold and the functional roles of Rossmann fold superfamily
proteins are versatile (Lesk 1995). The Rossmann fold is found in many metabolic enzymes that bind
cofactors such as NAD and NADP. NADP is an essential molecule for energy metabolism and is
involved in signaling pathways that regulate many cellular processes including transcription and
apoptosis (Berger et al. 2004, Ying 2006). Many enzymes including dehydrogenases, ATPases and
GTPases have a Rossman fold (Rao and Rossmann 1973, Burton 2018). As the Rossman fold has
many candidate biological functions, we aimed to further elucidate the role of this Rossmann fold
protein in the chitosan-induced signaling pathway.
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4.3.3 An NAD(P)-binding Rossmann fold protein is involved in chitosan-induced peroxidase
activity and lipoxygenase expression
According to JGI Phytozome v12.1 ontology annotation, the NAD(P)-binding Rossmann fold protein
is predicted to be a dehydrogenase. To elucidate the role of this Rossmann fold protein in the chitosan-
induced signaling pathway, single KO plants lacking a gene (Pp3c26_9450V3.1) for this Rossmann
fold protein were generated (IV). The peroxidase activity assay showed that the KO lines lacking the
gene for this Rossmann fold protein had significantly lower chitosan-induced peroxidase activity than
wild-type plants, thus demonstrating a role for the Rossmann fold protein in the chitosan-induced
signaling pathway (IV).
Dehydrogenases positively regulate the resistance to pathogens in vascular plants (Choi et al. 2008,
Hwang et al. 2008, Rong et al. 2016). Choi et al. (2008) showed that the Rossman fold–containing
enzyme menthone reductase1 (MNR1), a member of the short-chain dehydrogenase/reductase (SDR)
superfamily, positively regulates the defense against pathogens in pepper (Capsicum annuum).
CaMNR1-silenced pepper plants were significantly more susceptible to infections by Xanthomonas
campestris pv vesicatoria and Colletotrichum coccodes. In addition, the expression of each of
salicylic acid–responsive (basic PR1 and PR10) and jasmonic acid–responsive (defensin1) proteins
was reduced in silenced CaMNR1-plants. Hwang et al. (2008) showed that SDR3 is directly involved
in plant defense. Five days after spray inoculation with Pseudomonas syringae DC300, the bacterial
population in Arabidopsis plants that overexpressed SDR3 was 4- to 6-fold lower than that of wild
type (Hwang et al. 2008). In addition, the bacterial population of the Atsdr3 mutant lines was 3- to 5-
fold higher than that of wild-type plants. Rong et al. (2016) showed that cinnamyl alcohol
dehydrogenase (CAD) contributes to host resistance against the fungus Rhizoctonia cerealis in wheat
(Triticum aestivum L.). Knockdown of TaCAD12 significantly repressed resistance against R.
cerealis and downregulated defense genes (PR10, PR17c and chitinase1). Our results showed that P.
patens NAD(P)-binding Rossmann fold protein is, at least in part, be required for peroxidase
activation in non-vascular plants and thus it might contribute also to pathogen defense.
Infection by a pathogen can induce the expression of LOX genes (and hence upregulation of lipid
peroxidation; Casey and Hughes 2004) in both vascular and non-vascular plants (Porta and Rocha-
Sosa 2002, Ponce de León et al. 2007, Lehtonen et al. 2012, Ponce de León et al. 2015). Because
studies have shown that LOXs are among the defense-responsive genes of P. patens, we aimed to test
the expression of LOX7 in KO lines lacking the gene for the Rossmann fold protein we identified and
in wild-type plants before and after 40 min of chitosan treatment. Interestingly, compared with wild-
type plants, the level of P. patens LOX7 mRNA was significantly lower in all Rossmann fold protein
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KO lines before and after chitosan treatment. Kumar et al. (2008) showed that the Saccharomyces
cerevisiae transcriptional regulator Gal80p, which is involved in the repression of galactose
metabolism genes, contains an N-terminal Rossmann fold and binds to NADP, which in turn regulates
galactose-metabolizing genes in S. cerevisiae. Our results reveal that, in the absence of the Rossmann
fold protein we identified, LOX7 expression in P. patens decreases compared with wild type,
indicating that this Rossmann fold protein may be required for normal LOX7 expression in P. patens.
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5 CONCLUSION AND FUTURE PROSPECTS
The main findings of this thesis are the description of fungal pathogens of green roof mosses, their
host ranges, and the role of a Rossmann fold protein in chitosan-induced peroxidase activity and for
normal LOX expression. Build environments such as moss green roofs and moss farms are inhabited
by many different fungal species, and many of these fungi can cause disease in bryophytes. Fusarium
and Trichoderma species were the most predominant genera isolated from a moss farm in Japan and
from moss green roofs in Finland, respectively. Many members belonging to the genus Fusarium are
well-known plant pathogens, but Trichoderma spp. are typically considered as avirulent plant
symbionts or parasites of other fungi and thus are widely used as biocontrol agents against fungal
diseases of plants. Surprisingly, all of the isolated Trichoderma spp. in our study were potent,
moderate or mild pathogens of P. patens, indicating their ability to infect mosses. These results
indicate that Trichoderma spp. might also be primary pathogens of bryophytes. As Trichoderma spp.
are typically considered non-plant pathogenic species and are widely used for biological control
agents, their pathogenicity should be considered if used close to areas of moss cultivation or for moss
green roofs. Our results also demonstrate that mosses and vascular plants share common pathogens.
This finding is important as it suggests that mosses may contribute to the disease epidemiology of
crop plants and may have played a role in the evolution of a broad host range of fungal pathogens.
Screening part of the Physcomitrella mutant collection enabled us to describe a role for a previously
unknown component, namely a Rossmann fold protein, in the chitosan-induced signaling pathway of
P. patens. Our results also demonstrate that this Rossmann fold protein is important for the normal
expression of P. patens LOX7 and thus is also might contribute to defense against fungal infection.
The results from our study may encourage the use of the Physcomitrella mutant collection in the field
of functional genomics, toward the goal of revealing the roles of specific genes in signaling pathways.
32
ACKNOWLEDGEMENTS
I´m grateful to my supervisor Professor Jari Valkonen for guidance and support and for giving me an
opportunity to study at the University of Helsinki. I wish to thank my follow-up group members
Jaakko Kangasjärvi and Sari Tähtiharju for their comments and suggestions. I would like to also thank
my reviewers Kirk Overmyer and David Collinge. I´m very grateful for all my co-authors, namely
Hilkka Koponen, Motomu Akita, Mikko Lehtonen, Juhamatti Niemi-Kapee, Sannamaija Laaka-
Lindberg, Eva Decker and Ralf Reski. Especially, I would like to express my gratitude to Ralf Reski
for giving me a chance to work in the plant biotechnology laboratory at the University of Freiburg
and to Mikko Lehtonen for all the help, advices and interesting discussions during all these years. I
wish to also thank all the other present and past members of the plant pathology group, especially
Anssi, Minna Rajamäki, Katrin, Delfia, Olga, Long and Linping; besides being colleagues you have
been good friends during these years. I would like to thank all the technicians in our laboratory,
especially Anu for all your advices and support.  Finally, I would like to thank my family and all my
friends specially Sini, Tiina and Janne. Especially I would like to express my gratitude to my parents,
my sister and her family and Jarmo for all their help and support. Last, I wish to thank my 4-year-old
son, as you changed the priorities of my life and day after day reminds me of the importance of the
question ‘why?’
I gratefully acknowledge the financial support provided by the Doctoral Program in Integrative Life
Science (formerly the Viikki Graduate School in Molecular Biosciences), the Finnish Cultural




Agrios GN. 2005. Plant Pathology. 5th edn. Burlington MA, USA: Elsevier Academic Press.
Aist JR. 1976. Papillae and related wound plugs of plant cells. Annual Reviews of Phytopathology
14: 145-163.
Almagro L, Gómez Ros LV, Belchi-Navarro S, Bru R, Ros Barceló A, Pedreño MA. 2009.
Class III peroxidases in plant defence reactions. Journal of Experimental Botany 60: 377-390.
Anderson, M., Lambrinos, J., Schroll E. 2010. The potential value of mosses for stormwater
management in urban environments. Urban Ecosystem 13: 319-332.
Andersson RA, Akita M, Pirhonen M, Gammelgård E, Valkonen JPT. 2005. Moss-Erwinia
pathosystem reveals possible similarities in pathogenesis and pathogen defence in vascular and
nonvascular plants. Journal of General Plant Pathology 71: 23-28.
Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annual Review of Plant Biology 55: 373–99.
Armstrong GM, Armstrong, JK. 1981. Formae speciales and races of Fusarium oxysporum
causing wilt disease. In Fusarium: Disease, Biology, and Taxonomy, P.E. Nelson, T.A. Toussoun,
and R.J. Cook, eds (University Park, PA: Pennsylvania State University Press), pp. 391–399.
Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-Gomez L, Boller T, Ausubel
FM, Sheen J. 2002. MAP kinase signaling cascade in Arabidopsis innate immunity. Nature 415:
977–83.
Bacete L, Melida H, Miedes E, Molina A. 2018. Plant cell wall-mediated immunity: cell wall
changes trigger disease resistance responses. The Plant Journal 93: 614-636.
Barrett KG, Heil M. 2012. Unifying concepts and mechanisms in the specificity of plant-enemy
interactions. Trends in Plant Science 17: 282-292.
Beckman CH. 2003. Phenolic-storing cells: keys to programmed cell death and periderm formation
in wilt disease resistance and in general defence responses in plants? Physiological and Molecular
Plant Pathology 57: 101-110.
Berardi U, GhaffarianHoseini AH, GhaffarianHoseini A. 2014. State-of-the-art analysis of the
environmental benefits of green roofs. Applied Energy 115: 411–428.
34
Berger F, Ram rez-Hernández MH, ZieglerM. 2004. The new life of a centenarian: signaling
functions of NAD(P). Trends in Biochemical Sciences 29: 111-118.
Bezanilla M, Perroud P-F. 2009. Tip growth in the moss Physcomitrella patens. In: Knight CD,
Perroud P-F, Cove DJ, eds. Annual Plant Reviews Volume 36: The moss Physcomitrella patens.
Wiley-Blackwell, 143-149.
Boller T, Felix G. 2009. A renaissance of elicitors: perception of microbe-associated molecular
patterns and danger signals by pattern-recognition receptors. Annual Reviews in Plant Biology 60:
379-406.
Bressendorff S, Azevedo R, Kenchappa CS, Ponce de León I, Olsen JV, Rasmussen MW, Erbs
G, Newman MA, Morten Petersen M, Mundy J. 2016. An innate immunity pathway in the moss
Physcomitrella patens. The Plant Cell 28: 1328-1342.
Buck WR, Goffinet B. 2000. Morphology and classification of mosses. In Shaw AJ, Goffinet B,
eds. Bryophyte Biology Cambridge University Press, United Kindom, 71-123.
Burton ZF. 2018. Lego (Trademark) Life. In Evolution Since Coding: Cradles, Halos, Barrels and
Wings. Academic Press, an imprint of Elsevier, London, United Kingdom.
Camejo D, Guzman-Cedeno A, Moreno A. 2016. Reactive oxygen species, essential molecules,
during plant-pathogen interactions. Plant Physiology and Biochemistry 103: 10-23.
Carella P, Schornack S. 2018. Manipulation of bryophyte hosts by pathogenic and symbiotic
microbes. Plant Cell Physiology 59: 656-665.
Carrieri R, Raimo F, Pentangelo A, Lahoz E. 2013. Fusarium proliferatum and Fusarium
tricinctum as causal agents of pink rot of onion bulbs and the effect of soil solarization combined
with compost amendment in controlling their infections in eld. Crop Protection 43: 31-37.
Casey R, Hughes RK. 2004. Recombinant lipoxygenases and oxylipin metabolism in relation to
food quality. Food Biotechnology 18: 135-170.
Caseys C, Shi G, Soltis N, Gwinner R, Corwin J, Atwell S, Kliebenstein D. 2018. A generalist
pathogen view of plant evolution. BioRxiv, doi: https://doi.org/10.1101/507491
Castleton HF, Stovin V, Beck SBM, Davison JB. 2010. Green roofs; building energy savings and
the potential for retrofit. Energy and Buildings 42: 1582–1591.
35
Charron AJ, Quatrano RS. 2009. Between a rock and dry place: the water-stressed moss.
Molecular Plant 2: 478-486.
Chohan JS, Chand T. 1980. Phoma glomerata, a new pathogen on pears (Pyrus communis).
Transactions of the British Mycological Society 75: 509-11.
Choi, HW, Lee BG, Kim NH, Park Y, Lim CW, Song HK, Hwang BK. 2008. A role for a
menthone reductase in resistance against microbial pathogens in plants. Plant Physiology 148: 383-
401.
Cove DJ. 2005. The moss Physcomitrella patens. Annual Review of Genetics 39: 339-358.
Czarnocka W, Karpi ski S. 2018. Friend or foe? Reactive oxygen species production, scavenging
and signalling in plant response to environmental stresses. Free Radical Biology and Medicine 122:
4-20.
Davey ML, Currah RS. 2006. Interactions between mosses (Bryophyta) and fungi. Canadian
Journal of Botany 84: 1509-1519.
Davey ML, Currah RS. 2009. Atradidymella muscivora gen. et sp. nov. (Pleosporales) and its
anamorph Phoma muscivora sp. nov.: A new pleomorphic pathogen of boreal bryophytes.
American Journal of Botany 96: 1281-1288.
Dean R, Van Kan JAL, Pretorius ZA, Hammond-Kosack KE, Di Pietro A, Spanu PD, Rudd
JJ, Dickman M, Kahmann R, Ellis J et al. 2012. The Top 10 fungal pathogens in molecular plant
pathology. Molecular Plant Pathology 13: 414-430.
Deising H, Siegrist J. 1995. Chitin deacetylase activity of the rust Uromyces viciae-fabae is
controlled by fungal morphogenesis. FEMS Microbiology Letters 127: 207-211.
Doke N. 1983. Involvement of superoxide anion generation in the hypersensitive response of potato
tuber tissues to infection with an incompatible race of Phytophthora infestans and to the hyphal
wall components. Physiological Plant Pathology 23:345–357.
Du, P., Arndt, S.K., Farrell, C. 2019. Is plant survival on green roofs related to their drought
response, water use or climate of origin? Science of the Total Environment 667: 25-32.
Egener T, Granado J, Guitton MC, Hohe A, Holtorf H, Lucht JM, Rensing SA, Schlink K,
Schulte J, Schween G et al. 2002. High frequency of phenotypic deviations in Physcomitrella
patens plants transformed with a gene-disruption library. BMC Plant Biology 2:6.
36
Energy Efficiency Trends and Policies in the Household and Tertiary Sectors. 2015. Analysis
Based on the ODYSSEE and MURE Databases.
https://www.odysseemure.eu/publications/br/energy-efficiency-trends-policies-buildings.pdf
Espiñeira JM, Novo Uzal E, Gómez Ros LV, Carrión JS, Merino F, Ros Barceló A, Pomar F.
2011. Distribution of lignin monomers and the evolution of lignification among lower plants. Plant
Biology Stuttgart 13: 59-68.
Farrell, C, Ang XQ, Rayner JP. 2013a. Water-retention additives increase plant available water in
green roof substrates. Ecological Engineering 52:112-118.
Felix H. 1998. Fungi on bryophytes, a review. Botanica Helvetica 98: 239-269.
Field KJ, Rimington WR, Bidartondo MI, Allinson KE, Beerling DJ, Cameron DD, Duckett
JG, Leake JR, Pressel S. 2015. Functional analysis of liverworts in dual symbiosis with
Glomeromycota and Mucoromycotina fungi under a simulated Palaeozoic CO2 decline. The ISME
Journal 10: 1514-1526.
Gabrych M, Kotzeb J, Lehvävirta S. 2016. Substrate depth and roof age strongly affect plant
abundanceson sedum-moss and meadow green roofs in Helsinki, Finland. Ecological Engineering
86: 95-104.
Gordon TR, Martyn RD. 1997. The evolutionary biology of Fusarium oxysporum. Annual
Reviews of Phytopathology 35:111-128.
Grandi RAP, de Silva P, Vital DM. 2008. Hyphomycetes (fungos conidiais) associados a briófitas
em decomposição. Acta Botanica Brasilica 22:599-606.
Gullino ML, Gilardi G, Garibaldi A. 2017. Evaluating severity of leaf spot of lettuce, caused by
Allophoma tropica, under a climate change scenario. Phytopathologia Mediterranea 56: 235-241.
Hadwiger LA, Beckman JM. 1980. Chitosan as a component of pea-Fusarium solani interactions.
Plant Physiology 66: 205-221.
Halttunen M, Kuusisto J. 2011. Puurakenteiden tilkemateriaalit. Konservoinnin koulutusohjelma,
Seinäjoen ammattikorkeakoulu, 69s.
Hammouda AM. 1992. A New Leaf Spot of Pepper Caused by Cladosporium oxysporum. Plant
Disease 76: 536-537.
37
Hassel A, Kost G. 1998. Untersuchungen zur Interaktion von Leptoglossum retirugum
(Tricholomataceae, Basidiomycetes) mit Brachythecium rutabulum (Brachytheciaceae, Musci).
Zeitschrift fur Mykologie 64: 207-215.
Hernández-Blanco C, Feng DX, Hu J, Sánchez-Vallet A, Deslandes L, Llorente F, Berrocal-
Lobo M, Keller H, Barlet X, Sánchez-Rodríguez C et al. 2007. Impairment of cellulose
synthases required for Arabidopsis secondary cell wall formation enhances disease resistance. The
Plant Cell 19: 890-903.
Ho MHM, Castañeda RF, Dugan FM, Jong SC. 1999. Cladosporium and Cladophialophora in
culture: description and an expanded key. Mycotaxon 72: 115–157.
Hughes KA, Lawley B, Newsham KK. 2003. Solar UV-B radiation inhibits the growth of
antarctic terrestrial fungi. Applied and Environmental Microbiology 69: 1488-1491.
Hwang S, Hwang BK. 2008. The pepper 9-lipoxygenase gene CaLOX1 functions in defence and
cell death responses to microbial pathogens. Plant Physiology 152: 948-967.
Jimenez M, Logrieco A, Bottalico A. 1993. Occurrence and pathogenicity of Fusarium species in
banana fruits. Journal of Phytopathology 137: 214-220.
Jones AMP, Saxena PK. 2013. Inhibition of phenylpropanoid biosynthesis in Artemisia annua L.:
a novel approach to reduce oxidative browning in plant tissue culture. PlosOne 8 e76802.
Jones JDG, Dangl J. 2006. The plant immune system. Nature 444: 323-329.
Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C, Dohmae N, Takio K, Minami
E, Shibuya N. 2006. Plant cells recognize chitin fragments for defence signaling through a plasma
membrane receptor. Proceedings of the National Academy of Sciences of the United States of
America 103: 11086-11091.
Kawasaki T, Yamada K, Yoshimura S, Yamaguchi K. 2017. Chitin receptor-mediated activation
of MAP kinases and ROS production in rice and Arabidopsis. Plant Signaling and Behavior 12:
e1361076.
Koeck M, Adrienne R. Hardham AR, Peter N. Dodds PN. 2011 The role of effectors of
biotrophic and hemibiotrophic fungi in infection. Cell Microbiology 13: 1849-1857.
Kost G. 1988. Moss inhabiting basidiomycetes: Interactions between basidiomycetes and
bryophyta. Endocytobiosis and Cell Research 5: 287-308.
38
Kumar PR, Yu Y, Sternglanz R, Johnston SA, Joshua-Tor L. 2008. NADP regulates the yeast
GAL induction system. Science 22: 319.
Köhler M, Ksiazek-Mikenas K. 2018. Green roof habitats for biodiversity. Nature Based
Strategies for Urban Building Sustainability, 239-249.
Lamboy JS, Dillard HR. 1997. First report of a leaf spot caused by Cladosporium oxysporum on
greenhouse tomato. Plant Disease 81: 228.
Lang D, Ullrich KK, Murat F, Fuchs J, Jenkins J, Haas FB, Piednoel M, Gundlach H, Van
Bel M, Meyberg R, et al. 2018. The Physcomitrella patens chromosome-scale assembly reveals
moss genome structure and evolution. The Plant Journal 93: 515-533.
Lawton M, Saidasan H. 2009. Pathogenesis in mosses. In: Knight CD, Perroud P-F, Cove DJ, eds.
Annual Plant Reviews Volume 36: The moss Physcomitrella patens. Wiley-Blackwell, 299-323.
Lehtonen MT, Akita M, Kalkkinen N, Ahola-Iivarinen E, Rönnholm G, Somervuo P,
Thelander M, Valkonen JPT. 2009. Quickly-release peroxidase of moss in defence against fungal
invaders. New Phytologist 183: 432-443.
Lehtonen MT, Akita M, Frank W, Reski R, Valkonen JPT. 2012. Involvement of a class III
peroxidase and the mitochondrial protein TSPO in oxidative burst upon treatment of moss plants
with a fungal elicitor. Molecular Plant Microbe Interactions 25: 363-371.
Lesk AM. 1995. NAD-binding domains of dehydrogenases. Current Opinion in Structural Biology
5: 775-783.
Li X, Zhou Y, Yu S, Jia G, Li H, Li W. 2019. Urban heat island impacts on building energy
consumption: A review of approaches and findings. Energy 174: 407-419.
Ligrone R, Carafe A, Lumini E, Bianciotto V, Bonfante P, Duckett JG. 2007.
Glomeromycotean associations in liverworts: a molecular, cellular, and taxonomic analysis.
American Journal of Botany 94: 1756-1777.
Lindo Z, Gonzalez A. 2010. The Bryosphere: An integral and influential component of the earth’s
biosphere. Ecosystems 13: 612–627.
Loewe L, Hill WG.  2010. The population genetics of mutations: good, bad and indifferent.
Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences 365:
1153-1167.
39
Lysøe E, Harris LJ, Walkowiak S, Subramaniam R, Divon HH, Riiser ES, Llorens C,
Gabaldo T, KistlerHC, Jonkers W et al. 2014. The genome of the generalist plant pathogen
Fusarium avenaceum is enriched with genes involved in redox, signaling and secondary
metabolism. PlosOne 9: e112703.
Martin FM, Uroz S, Barker DG. 2017. Ancestral alliances: plant mutualistic symbioses with
fungi and bacteria. Science 356. DOI: 10.1126/science.aad4501.
Mentens J, Raes D, Hermy M. 2006. Green roofs as a tool for solving the rainwater runoff
problem in the urbanized 21st century? Landscape and Urban Planning 77: 217-226.
Michielse CB, Rep M. 2009. Pathogen profile update: Fusarium oxysporum. Molecular Plant
Pathology 10: 311-324.
Mishler BD, Oliver MJ. 2009. Putting Physcomitrella patens on the tree of life: The evolution and
ecology of mosses. In: Knight CD, Perroud P-F, Cove DJ, eds. Annual Plant Reviews Volume 36:
The moss Physcomitrella patens. Wiley-Blackwell, 1-12.
Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, Gollery M,
Shulaev V, Van Breusegem F. 2011. ROS signaling: the new wave? Trends in Plant Science 16:
300-309.
Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, Narusaka Y, Kawakami N,
Kaku H, Shibuya N. 2007. CERK1, a LysM receptor kinase, is essential for chitin elicitor
signaling in Arabidopsis. Proceedings of the National Academy of Sciences of the United States of
America 104: 19613-19618.
Morrisa JL, Putticka MN, Clarka JW, Edwardsc D, Kenrickb P, Presseld S, Wellmane CH,
Yangf Z, Schneidera H, Donoghuea PCJ. 2018. The timescale of early land plant evolution.
Proceedings of the National Academy of Sciences of the United States of America, 115: E2274–
E2283.
Nagano M, Ishikawa T, Fujiwara M, Fukao Y, Kawano Y, Kawai-Yamada M, Shimamoto K.
2016. Plasma membrane microdomains are essential for Rac1-RbohB/H-mediated immunity in rice.
The Plant Cell 28: 1966-1983.
Nalim FA, Elmer WH, McGovern RJ, Geiser DM. 2009. Multilocus phylogenetic diversity of
Fusarium avenaceum pathogenic on lisianthus. Phytopathology 99: 462-468.
40
Navaud O, Barbacci A, Taylor A, Clarkson JP, Raffaele S. 2018. Shifts in diversification rates
and host jump frequencies shaped the diversity of host range among Sclerotiniaceae fungal plant
pathogens. Molecular Ecology 27: 1309-1323.
Neumann BS, Boland GJ. 1999. First report of Phoma herbarum and Phoma exigua as pathogens
of Dandelion in Southern Ontario. Plant Disease 83: 200.
Oliver JP, Castro A, Gaggero C, Casc n T, Schmelz EA, Castresana C, Ponce De León I.
2009. Pythium infection activates conserved plant defence responses in moss. Planta 230: 569-579.
Piippo S. 2016. Luonnon omasta apteekista: Rahkasamma imee verta ja hoitaa haavoja.
https://yle.fi/aihe/artikkeli/2016/08/26/
Ponce De León I, Oliver JP, Castro A, Gaggero C, Bentancor M, Vidal S. 2007. Erwinia
carotovora elicitors and Botrytis cinerea activate defence responses in Physcomitrella patens. BMC
Plant Biology 7: 52.
Ponce De León I, Schmelz EA, Gaggero C, Castro A, Álvarez A, Montesano M. 2012.
Physcomitrella patens activates reinforcement of the cell wall, programmed cell death and
accumulation of evolutionary conserved defence signals, such as salicylic acid and 12-oxo-
phytodienoic acid, but not jasmonic acid, upon Botrytis cinerea infection. Molecular Plant
Pathology 13: 960-974.
Ponce de León IP, Hamberg M, Castresana C. 2015. Oxylipins in moss development and
defense. Frontiers in Plant Science https://doi.org/10.3389/fpls.2015.00483
Porta H, Rocha-Sosa M. 2002. Plant lipoxygenases. Physiological and molecular features. Plant
Physiology 130: 15-21.
Racovitza, A. 1959. Etude systematique et biologique des champignonsbryophiles. Memories du
Museum National D´Historie Naturelle. Serie. B. Botanique X: 1–288.
Ram H, Soni P, Salvi P, Gandass N, Sharma A, Kaur A, Sharma TR. 2019. Insertional
mutagenesis approaches and their use in rice for functional genomics. Plants (Basel) 8: 310.
Ramírez V, Agorio A, Coego A, García-Andrade J, Hernández MJ, Balaguer B, Ouwerkerk
PBF, Zarra I, Vera P. 2011. MYB46 modulates disease susceptibility to Botrytis cinerea in
Arabidopsis. Plant Physiology 155: 1920-1935.
41
Rao ST, Rossmann MG. 1973. Comparison of super-secondary structures in proteins. Journal of
Molecular Biology 76: 241-256.
Rauyaree P, Choi W, Fang E, Blackmon B, Dean RA. 2001. Genes expressed during early stages
of rice infection with the rice blast fungus Magnaporthe grisea. Molecular Plant Pathology 2: 347-
354.
Rayner, J.P., Farrell, C., Raynor, K.J., Murphy, S.M., Williams, N.S.G. 2016. Plant
establishment on a green roof under extreme hot and dry conditions: The importance of leaf
succulence in plant selection. Urban Forestry & Urban Greening 15: 6-14.
Redhead S. 1981. Parasitism of bryophytes by agarics. Canadian Journal of Botany 59: 63-67.
Renault H, Alber A, Horst NA, Lopes AB, Fich EA, Kriegshauser L, Wiedemann G, Ullmann
P, Herrgott L, Erhardt M. et al. 2017. A phenol-enriched cuticle is ancestral to lignin evolution in
land plants. Nature Communications 8: 14713.
Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H, Nishiyama T, Perroud P-
F, Lindquist EA, Kamisugi Y et al. 2008. The Physcomitrella genome reveals evolutionary
insights into the conquest of land by plants. Science 105: 19555-19560.
Rensing SA, Lang D, Zimmer AD. 2009. Comparative genomics. In: Knight CD, Perroud P-F,
Cove DJ, eds. Annual Plant Reviews Volume 36: The moss Physcomitrella patens. Wiley-
Blackwell, 42-67.
Reski R. 1998. Development, genetics and molecular biology of mosses. Botanica Acta 111: 1-15.
Roberts AW, Roberts EM, Haigler CH. 2012. Moss cell walls: structure and biosynthesis.
Frontiers in Plant Science https://doi.org/10.3389/fpls.2012.00166.
Rong W, Luo M, Shan T, Wei X, Du L, Xu H, Zhang Z. 2016. A wheat cinnamyl alcohol
dehydrogenase TaCAD12 contributes to host resistance to the sharp eyespot disease. Frontiers in
Plant Science https://doi.org/10.3389/fpls.2016.01723.
42
Santamouris, M. 2014. Cooling the cities – A review of reflective and green roof mitigation
technologies to fight heat island and improve comfort in urban environments. Solar Energy 103:
682-703.
Schaefer D, Zryd JP, Knight CD, Cove DJ. 1991. Stable transformation of the moss
Physcomitrella patens. Molecular and General Genetics 226: 418-424.
Schenk PM, Kazan K, Manners JM, Anderson JP, Simpson RS, Wilson IW, Somerville SC,
Maclean DJ. 2003. Systemic gene expression in Arabidopsis during an incompatible interaction
with Alternaria brassicicola. Plant Physiology 132: 999-1010.
Schween G, Egener T, Fritzowsky D, Granado J, Guitton MC, Hartmann N, Hohe A, Holtorf
H, Lang D, Lucht JM, et al. 2005. Large -scale analysis of 73 329 Physcomitrella plants
transformed with different gene disruption libraries: production parameters and mutant phenotypes.
Plant Biology 7: 228-237.
Schweizer P, Jeanguenat A, Whitacre D, Métraux J-P, Mösinge E. 1996a. Induction of
resistance in barley against Erysiphe graminis f.sp. hordei by free cutin monomers. Physiological
and Molecular Plant Pathology 49: 103-120.
Schweizer P, Felix G, Buchala A, Müller C, Métraux J-P. 1996b. Perception of free
cutinmonomers by plant cells. The Plant Journal 10: 331-341.
Serrano M, Coluccia F, Torres M, L’Haridon F, Métraux JP. 2014. The cuticle and plant
defence to pathogens. Frontiers in Plant Science 5: 274.
Shimizu T, Nakano T, Takamizawa D, Desaki Y, Ishii-Minami N, Nishizawa Y, Minami E,
Okada K, Yamane H, Kaku H, et al. 2010. Two LysM receptor molecules, CEBiP and
OsCERK1, cooperatively regulate chitin elicitor signaling in rice. Plant Journal 64: 201-214.
Shinya T, Yamaguchi K, Desaki Y, Yamada K, Narisawa T, Kobayashi Y, Maeda K, Suzuki
M, Tanimoto T, Takeda J et al. 2014. Selective regulation of the chitin-induced defence response
by the Arabidopsis receptor-like cytoplasmic kinase PBL27. Plant Journal 79: 56-66.
Tan BC, Pócs T. 2002. Bryogeography and conservation of bryophytes. In Shaw AJ, Goffinet B,
eds. Bryophyte BiologyCambridge University Press, United Kindom, 403-448.
Thomma BPHJ. 2003. Alternaria spp.: from general saprophyte to specific parasite. Molecular
Plant Pathology 4: 225-236.
43
Thomma BP, VAN Esse HP, Crous PW, DE Wit PJ. 2005. Cladosporium fulvum (syn.
Passalora fulva), a highly specialized plant pathogen as a model for functional studies on plant
pathogenic Mycosphaerellaceae. Molecular Plant Pathology 6: 379-393.
Thormann MN, Rice AV. 2007. Fungi from peatlands. Fung Diver 24: 241-299.
Torres M.A. 2010. ROS in biotic interaction. Physiologia Plantarium 138: 414-429.
Tosi S, Casado B, Gerdol R, Caretta G. 2001. Fungi isolated from Antarctic mosses. Polar
Biology 25: 262-268.
Troncoso-Rojas R, Tiznado-Hernández ME. 2014. Alternaria alternata (Black Rot, Black Spot)
In: Postharvest Decay, 147-187. https://doi.org/10.1016/b978-0-12-411552-1.00005-3
Uhlig S, Jestoi M, Parikka P. 2007. Fusarium avenaceum - the North European situation.
International Journal of Food Microbiology 119:17-24.
Varga J, Naár Z, Dobolyi C. 2002. Selective feeding of collembolan species Tomocerus
longicornis (Müll.) and Orchesella cincta (L.) on moss inhabiting fungi. Pedobiologia 46: 526-538.
Varga J, Naár Z, Roshko V. 2009. Influence of microhabitat on the selection of collembolan
species Tomocerus longicornis (Müll.) among fungi available in moss cushion. Scientific Bulletin of
the Uzhgorod University (Ser Biol) 25:164-166.
Velderrain-Rodríguez GR, Palafox-Carlos H, Wall-Medrano A, Ayala-Zavala JF, Chen CY,
Robles-Sánchez M, Astiazaran-García H, Alvarez-Parrilla E, González-Aguilar GA. 2014.
Phenolic compounds: their journey after intake. Food & Function 5: 189-197.
Vidhyasekaran, P. 2016. Switching on plant innate immunity signaling systems. Bioengineering
and molecular manipulation of PAMP-PIMP-PRR signaling complex. Signaling and
Communication in Plants. Springer International Publishing. DOI 10.1007/978-3-319-26118-8.
Weng JK, Chapple C. 2010. The origin and evolution of lignin biosynthesis. New Phytologist 187:
273-285.
White, R. 2002. Building the ecological city. Woodhead Publication, Cambridge.
Wilson JW. 1951. Observation on concentric `fairy rings´ in arctic moss mat. Journal of Ecology
39: 407-416.
Wojtaszek P. 1997. Oxidative burst: an early plant response to pathogen infection. Biochemical
Journal 322: 681-692.
44
Wyatt HDM, Ashton NW, Dahms TES. 2008. Cell wall architecture of Physcomitrella patens is
revealed by atomic force microscopy. Botany 86: 385-397.
Yamada K, Yamaguchi K, Shirakawa T, Nakagami H, Mine A, Ishikawa K, Fujiwara M,
Narusaka M, Narusaka Y, Ichimura K, et al. 2016. The Arabidopsis CERK1-associated kinase
PBL27 connects chitin perception to MAPK activation. The EMBO Journal 35: 2468-2483.
Yamaguchi K, Yamada K, Ishikawa K, Yoshimura S, Hayashi N, Uchihashi K, Ishihama N,
Kishi-Kaboshi M, Takahashi A, Tsuge S, et al. 2013. A receptor-like cytoplasmic kinase targeted
by a plant pathogen effector is directly phosphorylated by the chitin receptor and mediates rice
immunity. Cell Host Microbe 13: 347-357.
Ying W. 2006. NAD+ and NADH in cellular functions and cell death. Frontiers in Bioscience 1:
3129-3148.
Yu NH, Kim JA, Jeong MH, Cheong YH, Hong  SG, Jung JS, Koh YJ, Hur JS. 2014. Diversity
of endophytic fungi associated with bryophyte in the maritime Antarctic (King George Island).
Polar Biology 37: 27-36.
